This research combined continuum mechanics modeling, materials design, materials fabrication/processing, and experimental testing/characterization to promote a materials solution for passive damping of undesirable extrinsic vibrations in microelectromechanical-systems-based devices. Shape memory alloy, nickel titanium (NiTi) thin films were deposited by an in-situ reactive DC magnetron sputtering process and piezoelectric, barium strontium titanate (Ba 0.80 Sr 0.20 TiO 3 ) were fabricated using pulsed laser deposition and metal organic solution deposition techniques. These films were integrated as a bi-layer structure on n+ platinum silicon substrates to form a vibration-damping pedestal module known as "active materials". The optimized post deposition annealing temperatures for the shape memory alloy and piezoelectric thin films were determined to be 500 and 750 o C, respectively. Crystalline, pinhole-free, and crackfree films of 250-400 nm thickness were fabricated. The surface roughness of the films was around 2.2 nm with average grain size of approximately 50 nm. Crosssectional microscopy affirmed the dense and uniform microstructure. The bilayer pedestal design concept offers a solution for passive damping.
INTRODUCTION
The development and potential fielding of the U.S. Army's Future Force (FF) next generation of smart missiles/munitions platforms (e.g., compact kinetic energy missile, smart cargo artillery, medium caliber munitions, etc.) is impeded by the inability to satisfy the FF performance standards for the precision and control of "target-hit interactions." This performance shortfall centers on the thesis that these FF munitions currently suffer from severe inaccuracies caused by a critical failure of the microelectromechanical-systems (MEMS) inertial measurement unit (IMU), i.e., angular rate sensor (ARS). The IMU is vulnerable to failure due to the harsh extrinsic vibration environment. The "extrinsic vibration" (harsh environment generated from launch and /or high-G in-flight forces) causes an out-of-plane motion or false angular rate signal to be generated. Since the MEMSderived positional data is essential for the projectiles guidance/navigation, this false, vibration-derived angular rate signal causes the projectile to miss its designated target. Thus, reduction of susceptibility of the MEMS ARS to the adverse extrinsic vibrations must be addressed to ensure the accuracy of positional performance (i.e., ensure target-hit success) for such gun launched projectiles . Traditional vibration damping materials, e.g., viscoelastics, have a very high material dispersion coefficient, tan δ. Unfortunately, viscoelastics have a very low material stiffness, which limits the amount of energy that can be damped Wollman. J. et al, 2003) . Material stiffness is a function of temperature for most materials, but in viscoelastics the Figure 1 . Schematic of a vibration control pedestal with a shape memory alloy and piezoelectric thin film bi-layer stack for passive damping for MEMS-based devices.
dependency is extreme, limiting their viability to a very narrow temperature range.
In this work, a design concept for a "vibration control pedestal" which consists of "active materials"; [i.e., shape memory alloy (SMA) and a piezoelectric thin film bilayer stack (Figure 1) ] is explored. In the design concept, a silicon wafer supporting the bilayer active thin film stack is sandwiched between the die and device ceramic package.
Using a continuum mechanics calculation to model the longitudinal vibration modes within the thin film pedestal, it was possible to examine a series of different materials. The pedestal was modeled as a multilayer material with distinct, but mathematically continuous, interfaces. The model indicates the ideal damping materials have a high stiffness and tan δ, and the materials should also be immune to harsh environments. Based on the modeling, thin film piezoelectric materials and shaped memory alloy metals ( Figure 2 ) offer enhanced material dispersion, relatively high stiffness and the ability to tune and optimize the performance over the desired environmental window.
EXPERIMENTAL
The fabrication of thin and thick films has been reported using many techniques, such as sol-gel, hydrothermal, electrophoretic, reactive partially ionized beam deposition, and metal organic chemical vapor deposition (Kamalasanan et al. 1991; Singh P. K. et al 1995; Jeon et al., 1991) . Each of these techniques offers some advantages as well as disadvantages, and may require high cost investment, a complicated apparatus and a complex set of deposition parameters. For this research, three different deposition methods and three approach pedestal configurations were evaluated. SMA, nickel titanium (NiTi) was deposited by a magnetron DC sputtering, and piezoelectric (Ba 0.80 Sr 0.20 TiO 3 ) thin films were deposited by two different methods, pulsed laser deposition (PLD) and metal organic solution deposition (MOSD).
For SMA, the NiTi films were deposited by DC magnetron sputtering system (1) directly on Si wafer as the base layer, as the second top layer of the pre-deposited, (2) un-annealed and (3) annealed piezoelectric Ba 0.80 Sr 0.20 TiO 3 thin films. The sputtering system is an ultra high vacuum system with a load lock to decrease pump down time as well as eliminate contamination. Water and carbon dioxide are the main source of contamination ); therefore, a residual gas analyzer (RGA) was used to closely monitor contamination levels, prior to sputtering. A 3-inch DC magnetron gun was used for deposition. A substrate holder with a heater and rotation capability was used to in-situ anneal the film. NiTi target was obtained from Special Metals Inc., and then machined to the desired dimension. The target temperature during sputtering ramped up to 700°C. This high temperature was achieved by reducing the thermal paste, thereby producing a poor thermal contact between the target and the copper chill block. All films were deposited at a base pressure below 5 x l0 -8 Torr, while argon pressure during sputtering was kept at 2 x l0 -3 Torr. Substrate to target distance was kept at 4 cm and sputtering power was 300 Watts . The deposition rate at these conditions was approximately 0.76 nm/s. Deposited films were in-situ annealed by the substrate heater at 500 °C for 10 min prior to removal from the sputtering system. Figure 3 shows X-ray diffraction patterns of a well crystallized NiTi film annealed at 500 °C.
For the PLD of Ba 0.80 Sr 0.20 TiO 3 , a krypton fluoride excimer laser (Lambda Physik COMPex 305) with a wavelength of 248 nm was used to deposit films of 400 nm. Pulsed laser deposition standard operation procedures are generally described elsewhere . The initial starting processing parameters included using a 1.5 cm x 1.5 cm platinum silicon wafer as a base substrate, background vacuum at 10 −7 Torr, a 2.5-in sintered ceramic target of Ba 0.80 Sr 0.20 TiO 3 , an atmosphere of partial highpurity O 2 at 70 mTorr pressure, substrate temperature at 700°C, and laser beam energy density of 12.5 J/cm 2 . A deposition of 30 minutes yielded a film thickness of 400 nm.
The final deposition technique for the piezoelectric films was metal organic solution deposition (MOSD). The advantage of MOSD processing includes low processing temperature, precise composition control, low equipment cost, and uniform deposition over large area substrates ). To fabricate these thin films, barium acetate, strontium acetate, and titanium isopropoxide were selected as precursors, and 2-methoxyethanol was chosen as solvents.
Barium acetate and strontium acetate were initially dissolved in glacial acetic acid. The clear solutions, thus formed, were added to the solution of titanium isopropoxide in 2-methoxyethanol (controls viscosity) to prepare a stoichiometric, clear, and stable BST precursor solution. The solution was spin-coated on Si substrates through 0.2 µm syringe filters. Five layer were deposited to achieve the desired thickness. Films were pyrolised at 350°C between spin coats. Glancing angle x-ray diffraction (GAXRD), using a Bruker D5005 diffractometer with CuKα radiation, was employed to assess film crystallinity. A Digital Instruments Dimension 3100 atomic force microscope (AFM) and a Hitachi S4700 field emission scanning electron microscope (FESEM) were utilized to assess film surface morphology and cross sectional microstructure, respectively.
RESULTS
In order to investigate the design and the materials selection for the vibration control, the configuration was measured against the existing, competing technology e.g. vicoelastic, which already has high material dispersion coefficient, tan δ, but low material stiffness and a narrow temperature range. It was imperative to identify various materials to determine the proper structure of the stack. Several modeling configurations were calculated and observed. Al 2 O 3 , Pb-Sn, Si, Pt, BST, SiO 2 , and Ti were chosen for various vibration damping configuration pedestals. It was determined that the optimum pedestal design was a multilayered thin film composite with piezoelectric and shape memory alloy layers.
Model Development
To examine the insertion of a vibration control pedestal within the package between the ARS die and the base of the package, vibration modeling for a 1-D thin plate composite was developed. The pedestal was a multilayered thin film composite with piezoelectric, shape memory alloy, metal, and ceramic layers. A minimum of 50% reduction of incident energy was necessary to allow the MEMS ARS to operate effectively. To investigate this problem, a multilayered modeling approach was used. An incident compressional energy wave, I 0 , entered the bottom of the pedestal from the package. At each interface within the composite, a certain amount of the incident energy, I j , was reflected, R j . Additionally, another packet of energy was viscously damped, and a final amount of incident energy was removed via piezoelectric (shape memory) loss mechanisms. The piezoelectric and viscous effects had a normal and shear component. The incident energy was assumed to be parallel to the normal of the pedestal. A continuum mechanics model was used, and a 1-D infinite string assumption was made. Assuming that all of the incident and traveling waves are of the form Fexp(-iωZ), which satisfies the wave equation; specifically, for a forced oscillator with the inclusions for internal damping. It is possible to imagine a 1-D wave traveling only in the longitudinal direction of the film with minimal interactions in the transverse directions. This is a reasonable assumption, as our materials have a thickness that is significantly less than the width, but it assumes that the shear components do not significantly contribute to the damping, which is not entirely accurate for piezoelectrics and SMAs. Beginning with the wave equation for a forced oscillator with damping, it is possible to solve for the 1-D wave equation. Once solved, determining the reflection and transmission coefficients is straightforward, and they are shown in Equations 1, 2, and 3, where k is a function of the input energy frequency (ω), the materials density (ρ) and modulus (τ)..
(1) The critical thickness for damping at these frequencies is far larger than the thicknesses of the materials, leaving only the non-linear components (i.e. piezoelectric, piezomagnetic, or shaped memory) of the damped wave equation. Reflectivity and transmission are calculated at each interface, yielding a composite transmission model relating the input energy to the energy transmitted to the MEMS die. By examining the transmission of the energy through the composite structure, it is possible to see the effects of each layer. The energy enters the structure shown in Figure 1 and travels from the ceramic package to the lead-tin solder to the silicon wafer on the bottom as shown in Figure 2 . The energy exiting the surface of the structure is the "final transmitted energy." The ratio of final energy to initial energy is the damping coefficient shown on the y axis of Figure 2 . The layers that the energy passes through are listed on the x axis. Examining only the mechanical properties (i.e. reflection and transmission, etc.) and neglecting the non-linear damping components yields a structure that reduces the energy by less than 0.5% at steady state. When the "strain response" nonlinear components are added for the barium titanate and the NiTi, over 45% of the initial input energy is damped. This damping can be increased to almost 90%, if the barium titanate and NiTi are deposited in such a way that a partial "phase change" occurs during transmission of the vibrational wave.
Based on the continuum modeling, three processing and stacking approaches for BST and NiTi were used to determine which stacking order is most appropriate for the passive damping vibration application. Various configuration of the films stack were experimented. The initial combination was with NiTi as a base layer and BST on top, then BST as the base layer via both PLD and MOSD and then, NiTi on top as the second layer of the pedestal. Details describe as follows.
Approach I
The first approach utilized NiTi as a base layer on Si wafer. Unlike their bulk counterparts, the asdeposited state of NiTi is amorphous. As such, an annealing step of temperatures of 500°C is required to cause grains to crystallize . Figure 4a shows a dense cross-sectional structure; the BST MOSD was then deposited on top (Figure 4b ). Since the MOSD films were annealed at elevated temperature (750°C), which is higher than the annealed temperature on NiTi itself, the Si and Ni interdiffusion and react causing the inter surface to form nickel silicide, Ni 2 S phase .
Further investigation, such as electron diffraction, will determined the exact effect of the inter-diffusion. It is also not feasible to put NiTi as the bottom since BST is annealed at 750 which can cause the NiTi to react with Si. It is apparent that the piezoelectric should be the base layer of the bilayer stack.
Approach II
Pulsed laser deposition (PLD) was used to deposit a piezoelectric Ba 0.80 Sr 0.20 TiO 3, film on a Si wafer as a base layer. The as-deposited film was amorphous and required annealing at 750 0 C to promote crystallinity . Post deposition annealing was performed in a tube furnace in oxygen ambient for 60 minutes. The microstructure of the BST film exhibits a dense columnar grain structure as expected by physical vapor deposition (Chang et al, 2002 , Ngo et al, 2002 , the micrograph (figure 5a) indicates the surface morphology of the film is smooth with uniform large The GAXRD in Figure 6 also shows that the films exhibited a well-crystallized tetragonal phase at an annealing temperature of 750 °C. The NiTi film was then sputter deposited over both (1) the as-deposited and (2) annealed PLD piezoelectric films. However, this over-layer configuration was not successful. Specifically, after deposition of the NiTi film, the entire bi-layer stack delaminated from the Si support substrate (figure 5b). The lack of adhesion was found to be the result of the high residual stress (>750 MPa), which caused complete film delamination.
Approach III
The as-deposited MOSD fabricated film with NiTi over-layer also failed. This failure was attributed to the out-gassing of organic addenda from the MOSD processing, which resulted in a non-homogenous bilayer film stack.
However, the MOSD fabricated piezoelectric film, which was post deposition annealed prior to deposition of the NiTi over-layer, showed crystallized film after annealed (Figure 6 ). The results also agreed with previous findings ). Roughness of the film also was a major consideration as the film surface must be coated with NiTi for this application. Good film to film adherence requires a smooth defect free surface morphology. Quantitative analysis of the film surfaces determined the root-mean-square surface roughness, to be less than 2.2 nm for all MOSD films (figure 7). Surface roughness can be achieved as low as 1.2 nm by optimization of the processing procedure . However, at the current roughness, the surface also is an extremely smooth films surface which is a major contribution to the excellent bonding with the NiTi in the bilayer stack pedestal. The images displayed in Figure 8 show the BST films exhibited a dense microstructure. The film also exhibits a uniform microstructure with an average grain size is around 50nm. It is critical to achieve uniform microstructure since it is an indication for fully crystallized and single phase film. A crystalline film is vital to ensure optimum and accurate damping properties, long term property reliability. This configuration resulted in a successful bilayer active thin film stack. 
CONCLUSION
Continuum mechanics modeling suggested that active materials, such as NiTi and piezoelectric films in a bilayer stack, employed in the design concept of the 1 µm 1 µm
passive vibration control pedestal is a reasonable approach to minimize the transmitted vibrations from the "external source" to the MEMS ARS. Shape memory alloy, NiTi, and piezoelectric, Ba 0.80 Sr 0.20 TiO 3 thin films were successfully deposited via DC sputtering process, PLD, and MOSD. The optimum pedestal designs consist of a 750 0 C annealed MOSD fabricated BST film as the base layer and NiTi as the top layer of the bilayer structure. AFM characterization demonstrated that the resultant bilayer stacks has a surface roughness less than 2.2 nm and were crack and pinhole free. Cross-sectional microstructural and x-ray diffraction analyses showed the bilayer films to be dense and fully crystallized. Excellent surface morphological, microstructural, and structural properties of this bilayer stack demonstrated that the film processing methodologies employed resulted in an excellent bilayer active material stack suitable for the application of vibration damping. This performance achievement is essential to the realization of MEMS-based guidance in the next generation of U.S. Army munitions. The microstructure of the BST film exhibits a dense columnar grain structure as expected. X-ray diffraction patterns of a well crystallized BST films deposited by PLD annealed at 750 °C. 
Summary and Conclusions
Continuum mechanics modeling suggested that NiTi and piezoelectric films in a bilayer stack, employed in the design concept of the passive vibration control pedestal is a reasonable approach to minimize the transmitted vibrations from the "external source" to the MEMS ARS.
Fabricated and down-selected two combination of heterostructure design concepts
Evaluated and down-selected materials process science for optimization of design concept Successfully fabricated the smart/active vibration damping thin films on Si via low-cost processing methods Shape memory alloy, NiTi, and piezoelectric, Ba0.80Sr0.20TiO3 thin films were successfully deposited via DC sputtering process, PLD, and MOSD.
Excellent surface morphological, microstructural, and structural properties of the ARL bilayer stack demonstrated that the film processing methodologies employed resulted in an excellent bilayer active material stack suitable for the application of vibration damping.
